Arsenic is the most prevalent environmental toxic element and causes health problems throughout the world. The toxicity, mobility, and fate of arsenic in the environment are largely determined by its speciation, and arsenic speciation changes are driven, at least to some extent, by biological processes. In this article, biotransformation of arsenic is reviewed from the perspective of the formation of Earth and the evolution of life, and the connection between arsenic geochemistry and biology is described. The article provides a comprehensive overview of molecular mechanisms of arsenic redox and methylation cycles as well as other arsenic biotransformations. It also discusses the implications of arsenic biotransformation in environmental remediation and food safety, with particular emphasis on groundwater arsenic contamination and arsenic accumulation in rice.
INTRODUCTION
One generation passes away, and another generation comes: but earth abides for ever.
-Ecclesiastes 1:4 2002). However, microbe-mediated formation of orpiment has also been reported (Newman et al. 1998) .
Not surprisingly, the majority of arsenic in Earth's crust is present in the lithosphere; its pool size is approximately five orders of magnitude larger than that in the ocean or the terrestrial soil (Wenzel 2013) (Figure 1 ). Weathering of rocks, geothermal and volcanic activities, mining, and smelting release arsenic from the lithosphere to the terrestrial and oceanic environments. The amounts of arsenic in the ocean and terrestrial soil are comparable. Arsenic also enters the biosphere and can be transferred through the food chain. Although arsenic is not essential to living organisms, it is taken up by the uptake pathways for analogous essential or beneficial nutrients, e.g., arsenate via the phosphate transporters and arsenite via the aquaglyceroporin channels (Bhattacharjee et al. 2008 , Yang et al. 2012 , Zhao et al. 2010 ). The total amount of arsenic accumulated in terrestrial plants is estimated to be 1.8 × 10 5 tons, which is approximately four orders of magnitude less than that in soil (Wenzel 2013) . This difference in the pool size reflects a generally limited accumulation of arsenic in terrestrial plants, likely due to a low bioavailability of arsenic in soil or phytotoxicity when bioavailable arsenic in soil is elevated. There are exceptions-for example, a number of ferns can accumulate well over 1,000 mg/kg of arsenic in their aboveground tissues without suffering from phytotoxicity (Ma et al. 2001 , Zhao et al. 2002 ; such plants are termed arsenic hyperaccumulators. The ratios of plant arsenic to soil concentrations are often >10 in the hyperaccumulators, compared with the <0.1 ratios typically found in nonhyperaccumulators. It is interesting that arsenic hyperaccumulators appear to be confined to a few pteridophyte species, which are early land plants. This may have something to do with the loss of ACR3 orthologous genes during the evolution of flowering plants (Indriolo et al. 2010) .
Arsenic occurs in different chemical forms in the environment. It has four oxidation states: +5, +3, 0, and −3, represented by arsenate, arsenite, elemental arsenic, and arsine, respectively (http://www.webelements.com/arsenic/compounds.html). In living organisms arsenic is found only in the pentavalent and trivalent oxidation states. The valence state of arsenic in arsine (AsH 3 ) is not clear, as the electronegativities of arsenic and hydrogen are almost identical; the +3 oxidation state has also been assumed for arsenic in arsine (Cullen & Reimer 1989) . Arsenate is the predominant form in the oxic environment, such as in the surface water and aerobic soils. Reduction of arsenate to arsenite occurs under suboxic conditions (E h < 100 mV at neutral pH); thus, arsenite becomes the predominant form under reducing conditions, e.g., flooded paddy soils or anaerobic sediments. Reduction of arsenate to arsenite in soil or sediment generally leads to markedly increased mobility because the latter is less strongly adsorbed by iron oxides/oxyhydroxides in the solid phase . This process has important consequences manifested by arsenic mobilization in groundwater and increased arsenic transfer from paddy soil to rice (see sections below). Some arsenite may be present even in oxic environments as a result of biological transformation and redox disequilibrium. For example, the As(V) to As(III) ratio in open seawater is typically 10-100, not the 10 15 -10 26 that would be expected on the basis of thermodynamic equilibrium (Andreae 1979 , Smedley & Kinniburgh 2002 . Inside living cells, arsenic is predominantly in the As(III) oxidation state due to the prevailing redox conditions (E h considerably lower than 0 mV). While arsenate behaves as a phosphate analog competing for the phosphate transporters, the two oxyanions differ in their propensity for redox reactions. Phosphate is much more difficult than arsenate to reduce, and, therefore, subsequent transformations of arsenate and phosphate can be different.
THE PRIMORDIAL RISE OF ARSENIC BIOLOGY
Arsenic has posed a dilemma for the physiology of microorganisms since the origin of life. Primordial Earth is defined as the first billion years, or gigayear. On the geologic timescale, this comprises all of the Hadean eon, as well as the Eoarchean and part of the Paleoarchean eras of the Archean eon. It is also defined by the emergence of life and, later, photosynthesis (Hohmann-Marriott & Blankenship 2011) . It is well accepted that primordial oceans formed in the Hadean eon approximately 700 million years after the crust formed. Although we can only speculate on how and where life first arose, the first organisms probably evolved approximately 3.5-3.8 billion years ago, when the temperature of the oceans was higher than today (estimated variously at between 40°C and 70°C, compared with 20°C today), the pH lower (4.8 to 6.5, compared with 8.2 today) and the atmosphere devoid of oxygen. Thus the earliest ecosystems existed in an anoxic world, and their activities were driven by anaerobic metabolism (Canfield et al. 2006) . Whereas iron in present-day oceans precipitates as Fe(OH) 3 , in the original anoxic oceans it would have been dissolved as Fe 2+ . Arsenic, which presently forms insoluble ferric arsenate salts, would have existed as the highly mobile arsenite, so soluble arsenic concentrations were likely relatively high in the early Earth environments. There was much more volcanic activity than at present. In fact, in many areas of the world today the amount of arsenic produced in volcanic areas and hot springs, often as insoluble sulfides, is very high. In oceanic hydrothermal vents, which may have conditions similar to those of primordial Earth, the concentration of dissolved arsenic is frequently several orders of magnitude higher than the 2-4 μg/L found in seawater and sometimes even higher. For example, in the marine shallow-water hydrothermal vents in Tutum Bay, eastern Papua New Guinea, arsenic concentrations in the hydrothermal fluid are approximately 900 μg/L, with arsenite being the dominant species (Price et al. 2007 ). Diffusion of vent fluid to the surrounding environment leads to accumulation of arsenic in marine sediments. In Tutum Bay, the average arsenic concentration in surface sediments ranges between 52 and 1,483 mg/L, with an average of 527 mg/L, excluding the vent precipitates (Price & Pichler 2005) .
Hot springs also often contain high levels of arsenic. For example, in hot spring water from Yellowstone National Park, the arsenic concentration is usually approximately 2 mg/L (Langner et al. 2001) . In Meager Creek hot springs, Canada, the arsenic concentration is over 0.2 mg/L (Koch et al. 1999) . Arsenic concentrations commonly range from a few milligrams per liter to tens of milligrams per liter in geothermal fluids from Latin America (Lopez et al. 2012) . A survey of 11 hot springs in Yunnan, Southwest China, showed that arsenic concentrations are around 0.5 mg/L (Zhang et al. 2008) . Arsenic exists mainly as trivalent inorganic arsenite in hot springs and is rapidly oxidized upon reaching the surface and in streams/creeks, either by air or mediated by microbes (Wilkie & Hering 1998) . With the advent of novel analytical capabilities, investigators have found that a large proportion of inorganic soluble arsenic in geothermal waters (particularly sulfidic waters) is actually thiolated and that, under alkaline conditions, thioarsenates account for over 80% of total arsenic (Planer-Friedrich et al. 2007 ). However, thiolated arsenicals exist in situ as arsenites, which are rapidly oxidized to thioarsenates when exposed to oxygen during analysis (PlanerFriedrich et al. 2010) .
We can therefore extrapolate that life evolved in an environment rich in trivalent inorganic As(III) given that the atmosphere did not contain oxygen for at least another billion years. As a consequence, these Archean ancestors must have developed mechanisms to avert arsenic toxicity quite early. As(III) is toxic primarily because of its strong interactions with vicinal thiols such as cysteine pairs in proteins (Hughes 2002) . It binds to monothiols with lower affinity, but sufficiently high concentrations of As(III) would tie up critical monothiols such as reduced glutathione (GSH) (Delnomdedieu et al. 1994 ) and prevent cells from being able to regulate their intracellular redox state. It is not surprising, then, that nearly every organism has one or more As(III) detoxification pathways (Bhattacharjee & Rosen 2007) . In bacteria and archaea, which are closer to the direct line with the last common ancestor, arsenic resistance (ars) genes are organized in operons that confer arsenic tolerance. Removal of As(III) from the cell is the most straightforward pathway to resistance, and nearly every prokaryote has either ArsB or Acr3, two unrelated membrane transport proteins that catalyze As(III) efflux from the cytosol to the medium (Yang et al. 2012) . ArsB is mainly restricted to prokaryotes, while members of the Acr3 family are found in bacteria, archaea, fungi, and nonflowering plants (Castillo & Saier 2010 , Indriolo et al. 2010 , Yang et al. 2012 . Eukaryotes also have efflux pumps for the triglutathione conjugates of As(III). The Mrp members of the ABC (ATP-binding cassette) superfamily of ATP-coupled pumps transport As(GS) 3 out of the cytosol, sometimes to sequester it in intracellular compartments, as in the case of the vacuolar YCF1 pump of Saccharomyces cerevisiae (Ghosh et al. 1999) or the mammalian MRP2, which extrudes As(GS) 3 from liver to bile (Leslie 2011) . Other members of this family transport different thiol conjugates, including phytochelatins in plants (Song et al. 2010 ) and trypanothione in trypanosomatids (Mukhopadhyay et al. 1996) .
The rise of photosynthetic microorganisms approximately 2.4 billion years ago is documented by the presence of metal sulfides preceding the Great Oxidation Event and the banded iron formation in the Mount McRae Shale (Kaufman et al. 2007) . Once the atmosphere became oxidizing, the majority of aqueous arsenite would have been oxidized to arsenate [As(V)]. This was a crisis for organisms that could detoxify As(III) but not As(V). By that time life had diversified from the last common ancestor, so numerous types of microbes had to independently evolve strategies to handle inorganic arsenate. Although it might appear overly complicated and paradoxical to convert the less harmful arsenate into the more toxic arsenite, the simplest solution was to reduce the intracellular As(V) to As(III), for which the cells already had mechanisms for cytosolic removal. This selective pressure led to the evolution of at least three families of small arsenate reductase enzymes whose sole function is to detoxify arsenate ) (see below).
ARSENIC AND SHADOW LIFE
The idea of a shadow life with organisms that use a biochemistry unrelated to ours is attractive and intriguing (Davies et al. 2009 Recently microbes that use arsenate in place of phosphate have been suggested to constitute a shadow life (Wolfe-Simon et al. 2010 ). This controversial idea has been contested , and there is little support for the existence of arsenic-dependent organisms. Biologically, phosphorus is found in phosphate and phosphate esters in the P(V) oxidation state. In contrast, arsenic has two oxidation states, As(III) and As(V), that biologically affect organisms (see below). Arsenite is the more toxic because it is reactive and forms strong metallic-like bonds with biological molecules. Arsenate is much less toxic, is chemically similar to phosphate, and can form esters similar to phosphate esters. So could earthly life have used arsenate interchangeably with phosphate? Why aren't organisms that can use arsenate in place of phosphate common today? Arsenate is in fact reduced and methylated and then incorporated into a number of organic molecules in marine organisms for detoxification, including arsenosugars, arsenolipids, and arsenobetaine (Francesconi & Kuehnelt 2002) (Figure 2 ). However, arsenate esters are less stable than phosphate esters in part because of the shorter P-O bond length of approximately 1.5 Å compared with the As-O bond length of approximately 2 Å. Longer bonds are more easily broken, and, consequently, arsenate esters hydrolyze much faster than phosphate esters. In DNA an arsenodiester bond would be at least 1,000-fold less stable than the phosphodiester bond, and DNA with arsenate incorporated in place of phosphate would hydrolyze so fast that life would be impossible on Earth . That doesn't mean that there couldn't be organisms in which arsenic replaces phosphorus, but those organisms would have fragile As-O polymers. Such life might be able to evolve in the frigid nonaqueous oceans of the moons of planetary gas giants, but the hypothesis that arsenate could replace phosphate in DNA is unlikely to be true on Earth.
ARSENIC OXIDATION AND REDUCTION: PATHWAYS FOR ENERGY

METABOLISM AND RESISTANCE
Again, early life likely evolved in an environment rich in trivalent inorganic As(III) given that the atmosphere did not contain oxygen for at least another billion years. As a consequence, these Archean ancestors may have developed enzymes that oxidized arsenite to capture energy quite early (Lebrun et al. 2003) . Related enzymes that capture the reducing potential of arsenate by dissimilation may have evolved subsequently, recycling the arsenate to arsenite (van Lis et al. 2013) . Extant microorganisms catalyze both types of reactions, creating an arsenic redox cycle detailed in the following sections.
Arsenite Oxidation
In addition to arsenite efflux, rapid arsenite oxidation by microbes has been observed to occur widely, for example, in geothermal/hot spring waters, and these studies have indicated that the oxidation process is largely mediated by microbial activities , Oremland & Stolz 2003 . The first arsenite oxidase was purified from the periplasm of the β-proteobacterium Alcaligenes faecalis (Anderson et al. 1992 ). All aerobic arsenite oxidation discovered to date involves arsenite oxidases that contain two heterologous subunits: AioA (AoxB) and AioB (AoxA) (Stolz et al. 2006 , Zargar et al. 2010 (Figure 2 ). These subunits have been assigned different names, but Aio is the presently accepted nomenclature. Phylogenetic analysis of the two subunits of the heterodimeric enzyme suggests an early origin of arsenite oxidases before the divergence of archaea and bacteria (Lebrun et al. 2003) . It makes sense that such an ancient oxidase function evolved before the atmosphere became oxidizing, allowing arsenite oxidation to couple to energy production. In present-day Mono Lake, California, several strains of bacteria have been shown to be arsenite oxidizers that use nitrate or selenate as electron acceptors, coupling arsenite to ATP production (Fisher & Hollibaugh 2008 , Oremland et al. 2002 , and have been adapted for use in bioreactors (Sun et al. 2010a) . Anoxygenic photosynthesis has also been found to be coupled to arsenite oxidation in microbial mats of cyanobacteria and photosynthetic bacteria from Mono Lake (Kulp et al. 2008) . Recently, the arsenite oxidase subunit AioA was shown to be involved in anaerobic oxidation of arsenite coupled to chlorate reduction (Sun et al. 2010b ). However, direct evidence showing the involvement of AioA in anoxic arsenite oxidation is still lacking.
Recently, an enzyme (Arx) that is closely related to respiratory arsenate reductase (see below) in amino acid sequence but physiologically performs As(III) oxidation instead of As(V) reduction was isolated as an ArxAB heterodimer from the genome of the arseniteoxidizing nitrate reducer Alkalilimnicola ehrlichii strain MLHE-1 (a chemolithoautotrophic anaerobe) (Zargar et al. 2010) . In fact, structural features of Arx subunits (ArxA and ArxB) are more similar to those of respiratory arsenate reductases than to those of arsenite oxidases (van Lis et al. 2013 , Zargar et al. 2012 . Intriguingly, the ArxAB enzyme from A. ehrlichii strain MLHE-1 has not only arsenite oxidase but also arsenate reductase activity in vitro, although the strain is incapable of respiratory growth on arsenate (Richey et al. 2009 ). The Arx enzyme has been demonstrated to act as an alternative arsenite oxidase during anaerobic respiration of nitrate, as in A. ehrlichii strain MLHE-1, and also of selenate (Fisher & Hollibaugh 2008) . Arx may also participate in anoxygenic photosynthesis. A photosynthetic purple sulfur bacterium (Ectothiorhodospira sp. strain PHS-1) capable of anoxic arsenite oxidation was isolated from a hot spring biofilm (Kulp et al. 2008) . Another arxA gene was identified in this organism. Further analysis revealed a wide distribution of arxA-like genes in arsenic-rich Mono Lake and Hot Creek sediments in California and alkaline microbial mats from Yellowstone National Park (Zargar et al. 2012 ). This new clade of arsenite oxidase genes has been proposed to have evolved in archaea and may be ancestral to arsenite oxidases and respiratory arsenate reductases , Zargar et al. 2012 . In contrast, a recent phylogenic study indicates that both Arx and respiratory arsenate reductases originated after the divergence of bacteria and archaea (van Lis et al. 2013) .
Arsenate Reduction
As the atmosphere became oxidizing, and arsenite was oxidized to arsenate, respiratory reductases evolved to use arsenate as a terminal electron acceptor in energy-generating respiratory chains. Thermodynamic calculations indicate that dissimilatory arsenate reduction can provide enough reducing potential to sustain microbial life. A microorganism isolated from arsenic-contaminated sediments of the Aberjona watershed in eastern Massachusetts was demonstrated to grow by reducing (respiring) arsenate (Ahmann et al. 1994) . Such anaerobic dissimilatory As(V) reduction is catalyzed by the arsenate respiratory reductase (Arr) complex, which consists of a large catalytic subunit (ArrA) and a small subunit (ArrB) (Afkar et al. 2003 , Krafft & Macy 1998 , Saltikov & Newman 2003 , van Lis et al. 2013 (Figure 2 ). Like Arx, the Arr enzyme also has been demonstrated to be bidirectional; it shows both arsenate reductase and arsenite oxidase activity in vitro (Richey et al. 2009 ). It has been difficult to monitor the existence and activity of As(V)-respiring bacteria in diverse environments. The arrA gene encodes the large subunit of the reductase, and this gene can be used as a reliable marker for arsenate respiration (Malasarn et al. 2004 ). For example, in arsenic-rich soda lakes in California, arrA was detected in sediment samples, and its abundance corresponded with in situ rates of arsenate reduction (Kulp et al. 2006) . Multiple alignment of sequences related to ArrA reveals the phylogeny of Arr and closely related enzymes (Duval et al. 2008 ). This analysis confirms the previously proposed proximity of Arr to the cluster of polysulfide/thiosulfate reductases and unravels a hitherto unrecognized clade even more closely related to Arr. The resulting phylogeny strongly suggests that Arr originated in bacteria subsequent to the generation of an oxidizing atmosphere after the bacteria/archaea divergence and was subsequently laterally distributed within the domain Bacteria. It furthermore suggests that an enzyme related to polysulfide reductase rather than arsenite oxidase may be the precursor of Arr.
Dissimilatory arsenate reduction has been associated with contamination of groundwater. Arsenate is generally less mobile than arsenite, as arsenate can be strongly adsorbed by iron and aluminum oxides in the environment . Reduction of arsenate is therefore considered to be a key mechanism of its mobilization, such as in aquifer sediments causing arsenic contamination in groundwater in south and southeast Asia (Fendorf et al. 2010) . Reduction of Fe(III) can also contribute to the release of arsenic to groundwater. The role of Fe(III) reduction in arsenic release to groundwater has been extensively studied (Dhar et al. 2011 , Islam et al. 2004 . For iron-reducing bacteria capable of dissimilatory arsenate reduction, iron and arsenic release can be simultaneous (Oremland & Stolz 2005) , but these two processes can also be uncoupled. The coupling/uncoupling of iron and arsenic reduction has been elegantly tested with mutants of Shewanella sp. ANA-3 . When uncoupled from iron reduction, arsenate reduction becomes the dominant process controlling arsenic release. Whether these processes are uncoupled seems to be determined by the nature of the microbial community involved and the mineralogy of solid-phase sequestering of arsenic. It is therefore not surprising that in a microcosm study, arsenate reduction lagged behind iron reduction, which means that arsenate was released concomitant with iron reduction, and soluble arsenate was subsequently reduced to arsenite (Islam et al. 2004 ). Analysis of this microbial community, which is dominated by metalreducing bacteria such as members of the family Geobacteraceae, demonstrates that this group of microbes do not possess dissimilatory arsenate respiration machinery (Oremland & Stolz 2005) , so perhaps arsenic release as arsenite under these conditions is the result of the action of an ArsC-like arsenate reductase (see below).
To cope with the rise of arsenate produced by an oxidizing atmosphere, multiple microbial species independently evolved strategies to detoxify inorganic arsenate by reduction using an entirely different biochemical mechanism than dissimilatory arsenate reduction . Small arsenate reductase enzymes evolved a number of times from the ancestors of proteins such as redoxins and phosphatases. One family of bacterial arsenate reductases, typified by the ArsC enzyme of plasmid R773 , is closely related to the glutaredoxin family (Figure 2) . This enzyme uses a cysteine residue in the protein and a GSH molecule to reduce As(V) to As(III), producing oxidized glutathione that is rereduced by the enzyme glutathione reductase using NADPH as the source of electrons. A second family of bacterial arsenate reductases, typified by the ArsC of Staphylococcus aureus ( Ji et al. 1994) , uses internal cysteine residues during the reduction of arsenate (Messens & Silver 2006) . This generates a disulfide bond in the enzyme that is rereduced by thioredoxin, which is then regenerated with thioredoxin reductase and NADPH. These proteins form a branch of low-molecularweight phosphatases and in fact exhibit phosphatase activity. Although the reactions of the two types of reductases (which, unfortunately and confusingly, were both named ArsC) have similarities, they are the products of independent evolution that occurred after the initial bacterial radiation. The third family of arsenate reductases is found in eukaryotes and appears to be a branch of the CDC25 family of dual-specific phosphatases. The first identified member, termed Acr2, was found in an arsenic resistance cluster of genes in the yeast Saccharomyces cerevisiae (Bobrowicz et al. 1997) . Like the R773 ArsC, these proteins use glutaredoxin and GSH as electron donors (Mukhopadhyay & Rosen 1998 ). An ortholog, LmAcr2, from the tropical parasite Leishmania major, reduces both As(V) and Sb(V) and is required for both resistance to arsenate and activation of the pentavalent antimonial drug sodium stibogluconate (Zhou et al. 2004) . LmAcr2 also exhibits phosphatase activity, whereas yeast Acr2 does not. However, yeast Acr2 can be converted to a phosphatase by three mutations (Mukhopadhyay et al. 2003) . Both the respiration and detoxification machinery facilitate reduction of arsenate by microbes, but it is not known whether one is more prevalent in the environment than the other, nor is it clear which environmental factors modulate the predominance of the two mechanisms. The facts that arsenate reductases arose at least three times and that some are both reductases and phosphatases or can easily be changed from one activity to the other suggest that evolution of arsenate reductases is relatively rapid and uncomplicated.
ARSENIC METHYLATION CYCLE
There is extensive biotransformation of arsenic by enzymatic processes such as methylation. Methylated arsenic species such as methylarsenate [MAs(V)], dimethylarsenate [DMAs(V)], and trimethylarsine oxide [TMAs(V)O] are found in low concentrations in some soils (Huang et al. 2011) . DMAs(V), and occasionally MAs(V) and the tetramethylarsonium (CH 3 ) 4 As+ cation, is found in rice grain (Hansen et al. 2011 , Meharg & Zhao 2012 . DMAs(V) and MAs(V) are also found in some lake water, especially in eutrophic lakes, with concentrations usually peaking in the summer coincident with algal and microbial growth (Hasegawa et al. 2010 , Smedley & Kinniburgh 2002 . Methylation of arsenic can lead to volatilization of methylarsines, mainly trimethylarsine and some mono-and dimethylarsine (Mestrot et al. 2011a ). These arsine gases are oxidized in the atmosphere by UV light, forming nonvolatile arsenic species (Mestrot et al. 2011b) , which are deposited on land or ocean surfaces.
As some microorganisms evolved mechanisms to methylate arsenic, other microorganisms evolved pathways to do the reverse reaction, demethylation of methylated arsenical herbicides. This pathway is not restricted to methylated arsenicals but catalyzes the breakdown of numerous aromatic arsenicals, including growth promoters and chemical warfare agents. These processes are depicted in the following sections.
Arsenic Methylation and Volatilization
While arsenite efflux systems are responsible for the majority of arsenic tolerance in most organisms (Yang et al. 2012 ), a common means of microbial arsenic detoxification is by methylation catalyzed by a family of As(III) S-adenosylmethionine (SAM) methyltransferase enzymes designated ArsM in microbes (AS3MT in higher eukaryotes) (Qin et al. 2006 (Qin et al. , 2009 (Figure 2 ). At latest count there are more than 30,000 entries for ArsM/AS3MT sequences in the NCBI database in members of all kingdoms, with the majority in prokaryotic and eukaryotic microbes. These in turn are members of a superfamily of methyltransferases involved in many physiological functions (Liscombe et al. 2012) . ArsMs detoxify arsenic by converting inorganic trivalent arsenic [As(III)] into methylated species that eventually end up as pentavalent MAs(V) and DMAs(V) and small amounts of TMAs(V)O and volatile trimethylarsine [TMAs(III)] (Drobná et al. 2006) . Because its expression requires the presence of environmental arsenic, it is reasonable to infer that ArsM evolved to confer arsenic resistance rather than an unrelated function. The widespread distribution of these genes implies that genes for arsenic biotransformation evolved early.
The first microbial arsM gene was identified and cloned from the soil bacterium Rhodopseudomonas palustris (Qin et al. 2006) . RpArsM is a 283-residue protein (29,656 Da). The cloned arsM gene was expressed in an As(III)-hypersensitive strain of Escherichia coli constructed by deletion of the chromosomal ars operon (Carlin et al. 1995) , and it was shown to confer resistance to arsenite, providing the first demonstration that the function of ArsM is arsenic resistance. The transgenic cells methylated medium arsenic, producing DMAs(V), TMAs(V)O, and volatile TMAs(III), clearly establishing that arsM alone is both necessary and sufficient for arsenic detoxification. Purified RpArsM catalyzed methylation of arsenite to di-and trimethylated species, with a final product of TMAs(III) gas. As(III) SAM methyltransferases may have an additional role in forming the precursors of other organoarsenicals such as arsenosugars, arsenocholine, and arsenobetaine (Figure 2 ).
The presence of arsM genes in soil organisms indicates that these microbes remodel the arsenic landscape via biotransformation and volatilization of environmental arsenic. In support of this hypothesis, an orthologous arsM gene was cloned from the acidothermophilic eukaryotic red alga Cyanidioschyzon strain 5508, an environmental isolate of Cyanidioschyzon merolae isolated from Yellowstone National Park (Qin et al. 2009) (Figure  3 ). The Yellowstone caldera is an active volcanic region with one of the highest concentrations of arsenic in soil and water in the world. ArsM-expressing Cyanidiales form the major biomass in hot springs around the Norris Geyser Basin of Yellowstone National Park, where the water temperature can reach 57°C, the pH is 0.5 to 3.5, and the arsenic concentration is in the millimolar region (Figure 3a,b) . As the arsenic-containing geothermal waters erupt from fumaroles, arsenic sulfides with realgar-like composition precipitate, and the algae grow in contact with the solid arsenic minerals (Figure 3c ). It has been proposed that these algae remodel the arsenic environment in geothermal regions (Qin et al. 2009 ). Volatile arsines evolve from the geothermal waters of Yellowstone National Park (PlanerFriedrich et al. 2006) . Interestingly, the amount of volatile arsenic is not related to the concentration of aqueous arsenic, which indicates that the arsenic gas phase is not due to simple partitioning with the aqueous phase. Rather, the arsenic gas may be the result of biological activity of methylating algae and other microorganisms as they strive to thrive in the presence of environmental arsenic.
The CmarsM gene from the environmental isolate was heterologously expressed in the arsenic hypersensitive strain of E. coli and shown to confer resistance (Qin et al. 2009 ). Purified CmArsM is the most active arsenic methylating enzyme identified to date and has proven to be an excellent model system for elucidation of the molecular mechanism of this class of arsenic-biotransforming enzymes (Marapakala et al. 2012) . The structure of the enzyme has been determined at 1.75 Å resolution with arsenic or SAM (Ajees et al. 2012) (Figure 2 ).
Degradation of Organoarsenics
In addition to the microbial biogenesis of methylated arsenicals, massive amounts of organic forms of arsenic are introduced into the environment through anthropogenic activities (Figure 4 ). Because they have lower toxicity than inorganic arsenicals, pentavalent methylated arsenicals such as MAs(V) and DMAs(V) have been extensively used as herbicides and insect pesticides worldwide and have largely replaced classic inorganic arsenical products (Burló et al. 1999 ). According to 2006 and 2007 market estimates reported by the US Environmental Protection Agency, 2 to 4 million pounds (900,000 to 1,800,000 kg) of the monosodium salt of MAs(V) (MSMA) was used in the United States during 2007 by industrial, commercial, and governmental market sectors (Grube et al. 2011) . During the war in Vietnam, 1.2 million gallons of DMAs(V) were used by the US military as a forest defoliant called Agent Blue-one of the "rainbow herbicides" (Stellman et al. 2003) . These relatively benign methylarsenicals, however, are largely degraded into more toxic inorganic forms after they are introduced into the environment. Degradation of methylarsenicals occurs in various environmental settings such as soil (Akkari et al. 1986 , Feng et al. 2005 , Gao & Buran 1997 , Huang et al. 2007 , Maki et al. 2006a , Von Endt et al. 1968 , Woolson et al. 1982 , sludge , sediment (Hanaoka et al. 1990) , seawater (Sanders 1979) , and lakes (Maki et al. 2004 (Maki et al. , 2006b (Maki et al. , 2009 ). Demethylating microbes have been isolated in soil (Maki et al. 2006a , Von Endt et al. 1968 ) and lakes (Maki et al. 2004 (Maki et al. , 2006b ). In addition, specific organisms such as Montrachet wine yeast (Crecelius 1977) , Candida humicola (Cullen et al. 1979) , and Mycobacterium neoaurum (Lehr et al. 2003) , have been demonstrated to be capable of demethylating methylarsenicals. All of these reported MAs(V)-demethylating organisms catalyze the reaction alone. In contrast, a novel, recently discovered pathway for demethylation of MAs(V) is composed of two different reaction steps, reduction and demethylation, catalyzed by a soil bacterial community (Yoshinaga et al. 2011) . A Burkholderia species capable of reducing MAs(V) to MAs(III) and a Streptomyces species that could demethylate MAs(III) to As(III) were identified in golf course soil treated with the MAs(V) herbicide. Neither organism alone could demethylate the herbicide, but in mixed culture the two bacteria carried out the entire demethylation process from MAs(V) to As(III).
Much information is available about microbial degradation of methylarsenicals in the environment, yet little is known about the molecular mechanisms. From the same golf course soil, a MAs(III)-demethylating Bacillus species was recently isolated, and the gene responsible for MAs(III) demethylation was cloned by selection for herbicide resistance (M. Yoshinaga & B.P. Rosen, submitted for publication). MAs(V) is reduced to MAs(III) by the first step of the novel MAs(V) degradation pathway; its relatively benign toxicity is dramatically increased in the reduced trivalent form, which is even more toxic than inorganic trivalent form As(III) (Petrick et al. 2000 (Petrick et al. , 2001 . The molecular mechanisms of MAs(V) reduction, the initial reaction of the two-step breakdown pathway, remain unknown. Reduction of MAs(V) has been also observed in plants such as rice (Li et al. 2009a , Lomax et al. 2011 ) and castor bean (Ye et al. 2010) . A subclass of human glutathione S-transferase (GST) omega, hGSTO1-1, can catalyze in vitro reduction of MAs(V) to MAs(III) (Zakharyan et al. 2001) ; however, it remains unclear whether hGSTO1-1 contributes significantly to MAs(V) reduction in vivo and whether member(s) of GST are responsible for MAs(V) reduction in bacteria and plants.
Organoarsenicals introduced anthropogenically into the environment include not only methylated arsenicals but also more complex aromatic arsenicals (Figure 4) . Phenylarsenic compounds such as roxarsone (4-hydroxy-3-nitrophenylarsonic acid), nitarsone (4-nitrophenylarsonic acid), and p-arsanilic acid (4-aminophenylarsonic acid) have been used extensively and in large amounts in animal husbandry for disease prevention, growth promotion, enhanced feed utilization, and improved meat pigmentation. The majority of these compounds is not retained by the animals but is excreted into the environment unchanged (Morrison 1969) . On the basis of broiler production and roxarsone feed dosage, it is estimated that approximately 2 million pounds (900,000 kg) of roxarsone is released into environment in the United States annually by the poultry industry alone (Covey et al. 2010 . Moreover, aromatic arsenicals have been also used for chemical warfare for more than a century. Diphenylated arsenic compounds such as Clark I (diphenylchloroarsine) and Clark II (diphenylcyanoarsine) were produced as chemical warfare agents during World Wars I and II. These were disposed of in land and seas after those wars, but diphenylarsinic acid, which results from chemical transformation in the environment, accumulates in contaminated sites (Harada et al. 2009 ). As methylated arsenicals, these aromatic arsenic compounds also undergo degradation and eventually become the more toxic inorganic arsenicals in the environment (Cortinas et al. 2006 , Köhler et al. 2001 , Maejima et al. 2011 , Makris et al. 2008 , Stolz et al. 2007 . A few degrading microbes have been isolated (Harada et al. 2009 , Nakamiya et al. 2007 , Stolz et al. 2007 ); however, no molecular details of aromatic arsenical degradation have been reported. In a preliminary investigation of the substrate specificity of the cloned MAs(III) demethylating enzyme, it was found to degrade trivalent roxarsone to As(III) both in vivo and in vitro, which suggests that it might also be involved in breakdown of environmental aromatic arsenical growth promoters (M. Yoshinaga & B.P. Rosen, submitted for publication), Pentavalent aromatic arsenicals such as roxarsone are proposed to undergo a two-step pathway of sequential reduction followed by cleavage of the C-As bond, in analogy with the demethylation of the MSMA herbicide by a microbial community. Since the MAs(V)-reducing bacterial isolates from Florida golf course soils cannot reduce roxarsone (M. Yoshinaga & B.P. Rosen, submitted for publication), there may be as-yetunidentified bacteria capable of reducing pentavalent phenylarsenicals to the trivalent form. Homologs of the recently cloned MAs(III) demethylase are distributed in many bacterial species, so such organoarsenic degradations are proposed to widely occur in nature, which would impact the arsenic biogeocycle and complete the cycles of arsenic methylation and demethylation.
Other Arsenic Biotransformations
The concentration of arsenic in seawater is approximately 1 to 2 μg/L, almost entirely in inorganic forms. It can be enriched 1,000-to 100,000-fold in marine organisms, with most arsenic in organic forms such as arsenosugars (Edmonds & Francesconi 1981) (Figure 2) . Arsenate, the major arsenic form in seawater, is biotransformed into arsenosugars by algae (Miyashita et al. 2011) (Figure 4) . The presence of arsenosugars was first confirmed by isolation and identification of two such species from the brown kelp (algae) Ecklonia radiate (Edmonds & Francesconi 1981) . At least 15 arsenosugars have been identified from brown algae and other algal families (Edmonds & Francesconi 1981) . Among these, the oxoarsenosugars, which contain a chemically active dimethylarsinoyl group at the C5 position of D-ribose derivatives, are the most common type (Miyashita et al. 2011 ). Oxoarsenosugar-glycerol and oxo-arsenosugar-phosphate are the major forms present in almost all marine macroalgae, especially in Chlorophyta (green algae) and Rhodophyta (red algae) (Shibata et al. 1992) . Small amounts of these two oxo-arsenosugars have also been found in freshwater green algae and green macroalgae (Koch et al. 1999 , Miyashita et al. 2009 ). Arsenate can be biotransformed into oxo-arsenosugars by the freshwater unicellular green alga Chlamydomonas reinhardtii (Miyashita et al. 2011) . To date, no arsenosugar has been identified outside the marine and freshwater environment (Rahman et al. 2012) , except in the urine of humans who consumed seafood (Le et al. 1994 ).
Although arsenosugar is present in many marine and freshwater organisms, the synthesis pathway remains elusive. Arsenosugars have been proposed to be produced as a by-product of the detoxification process (Edmonds et al. 1993) . Arsenosugars are probably biosynthesized by methylation and adenosylation (Figure 4) , either simultaneously or sequentially. As noted above, the methylation of arsenic is carried out by the SAMdependent arsenic methyltransferase (Ye et al. 2012 ). The methyltransferase is not likely to carry out the adenosylation at the same time, however. The enzyme that catalyzes adenosylation has not been identified, and it is not clear whether there are other enzymes involved. As SAM is the methyl donor, it has also been suggested that the adenosyl group derives from SAM as well. However, evidence to support this hypothesis is lacking. Obviously, more research is required.
Seaweed is rich in arsenosugars, with tissue concentrations of arsenic up to 100 μg/g, primarily in the form of arsenosugars (Francesconi & Kuehnelt 2002) . Applying seaweed to the land as a soil improver and fertilizer has been common practice in many coastal regions of the world (Castlehouse et al. 2003) . This may lead to the buildup of arsenic in soils. Long-term application of seaweed increases arsenic concentrations up to 10-fold in coastal soils currently manured with seaweed. With green agriculture and growing demand for organically farmed product, the use of seaweed as a fertilizer has been revived. The longterm environmental consequences of seaweed application to soils need further investigation. Arsenosugar applied to the soil decomposes primarily to DMAs(V), as well as to arsenate and arsenite. Although a decomposition pathway was proposed, none of the specific enzymes has been identified.
Even in hydrothermal vents, where there are no algae or other photosynthetic organisms, and where arsenic exists primarily in the form of arsenite in the hydrothermal vent fluids, organic arsenicals are predominant in vent biota. For example, the major arsenic species in shrimp from a mid-Atlantic vent is arsenobetaine, and in mussels, arsenic is present mainly as arsenosugars (Taylor et al. 2012) . Although little is known about the biosynthesis of these organic arsenicals, they are likely of vent origin, possibly synthesized by chemolithoautotrophic bacteria.
IMPLICATIONS OF ARSENIC BIOTRANSFORMATION IN ENVIRONMENTAL CONTAMINATION AND REMEDIATION
Arsenic Biotransformation and Rice Uptake of Arsenic
Rice is particularly efficient in accumulating arsenic into its grain (Williams et al. 2007 , Zhao et al. 2010 (Figures 4 and 5) . Therefore, in addition to arsenic-tainted groundwater, rice is the major route of arsenic exposure for populations subsisting on rice (Meharg & Zhao 2012) . Rice paddies irrigated with arsenic-contaminated groundwater represent a showcase for arsenic biogeochemistry. In this system, arsenic biotransformation, particularly reduction, is the key process in transporting arsenic from groundwater to the rice on dining tables of millions of people. Similar to sediment arsenic mobilization, iron/arsenate reduction under flooded conditions causes the release of arsenic to soil pore water, with arsenite as the dominant species, contributing to high arsenic accumulation in rice (Li et al. 2009b . Moreover, arsenite behaves like a silicic acid analog and is taken up adventitiously via the highly expressed silicon transporters in rice roots, further exacerbating the problem (Ma et al. 2008) . Application of organic matter can enhance arsenic release by promoting iron and arsenate reduction, as indicated by enhanced microbial activities and increased copy number of arsC genes in soil, and arsenic speciation in soil solution is further modulated by other microbial processes, such as oxidation and methylation (Huang et al. 2012b) . Soils with similar levels of total arsenic can show different patterns of arsenic release upon flooding (Stroud et al. 2011) , and the differences may result from soil chemical properties and/or microbial communities.
Flooding conditions in paddy soil make methylation an important microbial process affecting arsenic speciation and mobility. Despite the wide detection of methylated arsenic species in rice, the rice plant is unlikely to methylate arsenic unless the plant expresses a bacterial arsM (Meng et al. 2011) . Soil microbes are likely responsible for methylated arsenic species in soil-rice systems (Lomax et al. 2011 , Zhao et al. 2013 (Figure 5 ). Addition of organic matter to paddy soil can increase arsenic methylation and volatilization (Huang et al. 2012a) . Amendment with organic matter significantly increases both the amount of arsenic in rice grain and the proportion of methylated species ( Jia et al. 2012) . Degenerate arsM primers can be used to monitor the diversity and abundance of microbes harboring this functional gene ( Jia et al. 2013) . The arsM gene is present in diverse soils sampled from different parts of China, and both organic matter amendment and rhizospheric effects enhance the abundance of arsM in soil, implicating microbial arsM as an important player in rice uptake of methylated arsenic species.
Overall, our understanding of microbial transformation of arsenic in paddy soils is meager. We know little about the abundance and diversity of microbes harboring ars operons and how environmental conditions drive their dynamics. As paddy soils contain diverse and complex microbial assemblages, net biogeochemical cycling is controlled by the interplay of different guilds of contributing microbes. Detailed analysis of the composition and patterns of arsenic-related functional genes in soils will be required in the future to construct predictive models to guide the exploration of the potential of microbial arsenic transformation in mitigating health risks associated with arsenic in rice.
Arsenic Biomethylation and Bioremediation
Both chemical and biological approaches to remediation of arsenic-contaminated environments have been utilized. Chemical remediation can induce secondary pollution and is often costly. Bioremediation, if efficiently designed, can be advantageous. Biomethylation, because its end product TMAs(III) is volatile, can remove arsenic from contaminated water or soil (Ye et al. 2012) . The natural process of methylation and volatilization is rather slow and is not practical on the industrial scale of bioremediation. Although amendment with specific organic matter (such as dried distillers grain) can significantly improve this process, it is still not efficient enough (Huang et al. 2011 , Jia et al. 2012 . Introduction and overexpression of arsM genes in soil organisms may accelerate the production of volatile arsenicals (Chen et al. 2013 ).
CURRENT CHALLENGES AND CONCLUDING REMARKS
Arsenic from both natural and anthropogenic sources contaminates the environment. Knowledge about how Earth abides arsenic will provide insights and incentives to mitigate risks associated with arsenic pollution of water, soil, and food. As an element, arsenic cannot be destroyed and will always be present in the environment, but managing its biotransformation can modify its physical location and chemical speciation. Arsenic biotransformations are complex, and different pathways predominate in different environments. To understand these pathways and how they affect life on Earth, future research endeavors will need to involve 1. identification of molecular details of the pathways of arsenosugar and arsenobetaine biosynthesis, particularly in marine organisms;
2. understanding the linkage between microbial diversity and the kinetics of arsenic biotrans-formation in order to predict which pathways will predominate and hence the fate of arsenic in specific environments;
3. developing and deploying bioremediation and biomitigation strategies based on rational design of pathways for arsenic biotransformation in microbial communities; and 4. systems approaches to modeling and manipulating the fate of arsenic in various ecosystems at various temporal and spatial scales to harness the toxicity of arsenic. Arsenic species and their biotransformations. Known enzymes for biotransformation are indicated in each step, and representative protein structures are shown for each enzyme: ArsC (Martin et al. 2001) , AioAB (Ellis et al. 2001 , Warelow et al. 2013 , and ArsM (Ajees et al. 2012) . Question marks indicate steps for which the molecular mechanism has yet to be unraveled. The diagram is partly adapted from Edmonds & Francesconi (1987 Arsenic geothermal biology in Yellowstone National Park. Mats of Cyanidiales algae, which express the ArsM As(III) S-adenosylmethionine (SAM) methyltransferase, dominate the biomass in acidic geothermal outflow channels in (a) East Fork, Tantalus Creek, which drains the Norris Geyser Basin and (b) Nymph Creek, located in the Norris-Mammoth corridor in Yellowstone National Park. (c) Cyanidiales algae grow adjacent to realgar-like mineral phases and geothermal-derived waters containing 0.76 mM total arsenic. The orange-yellow deposits were determined by scanning electron microscope electron dispersive X-ray spectroscopy to be realgar-like, with an As:S ratio range of 1.1-1.3. Reproduced from Qin et al. (2009 Human exposure to groundwater arsenic through irrigation of rice paddy and drinking water. Arsenic from groundwater affects human health both directly (through drinking) and indirectly (through consuming rice irrigated with As-tainted groundwater). The pathway through rice was underestimated until recently (Zhu et al. 2008 
Glossary
GSH reduced glutathione
MAs(V) methylarsenate
DMAs(V) dimethylarsenate
TMAs(V)O trimethylarsine oxide
SAM
S-adenosylmethionine
TMAs(III) trimethylarsine
MAs(III) methylarsenite
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